A digital signal processor, operating at baseband, is described for the scanning of a Mills' cross array antenna. The processor uses time modulation to scan the pencil beam produced by the array. The principles of time modulation scanning are reviewed. Experimental results are included to demonstrate the practical feasibility of the digital baseband processor for scanning the array along prescribed look directions inside the visible region of interest.
Introduction
The use of a phased-array antenna in radar offers the unique feature of being able to achieve, in a single radar system, the operations of search, track and discrimination of many high-velocity targets simul taneously. In those radar applications which require the use of a pencil beam to provide information in both azimuth and elevation, the most versatile solution is to use a planar array. However, owing to the large number of radiating elements which a practical planar phased-array antenna would require and the duplication of equipment in each channel for processing the received signal, the total cost of imple menting such a system can be quite expensive. A substantial reduction in cost can be achieved, whilst retaining the high resolution capability of a conventional planar array, by using the Mills' cross array. 1 In this structure, all but two linear arrays of elements (arranged to be at right angles to each other) are eliminated from a planar' phased-array antenna.
A Mills' cross array involves the use of multiplicative signal pro cessing in order to achieve the desired high resolution. Specifically, the elemental outputs of the two arms of the array are weighted appropriately and then added, and the resulting output signals from the two arms are applied to a cross-correlator. The output of this correlator has the equivalent effect of a two-dimensional pencil beam at the intersection point of the two fan beams produced by the two perpendicular arms of the array. The array may consist of dipoles, in which case the pattern produced by each arm of the array would be directive in the plane containing the axis of the arm and broad in the plane at right angles to it. Alternatively, the elements may consist of parabolic dishes or any other convenient radiating elements. The Mills' cross array is most appropriate for use in those applications in which the sources (or targets) of interest are uncorrected, as is the case in radio astronomy or a radar system that does not suffer from multipath. The reason, for this is that if correlated signals (originating from different directions) are received simultaneously by both arms of the array, the system will recognize them as a signal originating from the central main beam of the array.
The principle of antenna pattern multiplication to achieve a pencil beam was first demonstrated in 1953 by Mills and Little. 1 In the meantime, a number of giant radio telescopes based on this principle have been constructed in different parts of the world, namely, Australia, 2 Russia, 3 Italy, 4 and Belgium. 5 The use of a Mills' cross array foe radar applications has also been described by Slattery 6 and Da vies. 7 In this paper we describe the digital implementation of a baseband processor used in conjunction with a receiving Mills' cross array for radar application. The purpose of the digital processor is two-fold: to perform the cross-correlation described above, and to provide a con tinuous scanning capability of the pencil beam in a prescribed sector by using time modulation. 8 This method of scanning is well-suited for implementation in digital hardware form. The scheme uses withinCan. Elec. Eng. J. Vol 4, No4, 1979 pulse scanning in order to avoid the loss of power in the fan beams outside the area covered by the pencil beam. This processor offers the following advantages:
• It eliminates the need for phase shifters which can be expensive.
• It provides flexibility in applying different types of aperture illumi nation to modify the sidelobe structure of the antenna pattern.
• It provides a simple means for changing the scanning rate of the array.
• It uses digital hardware for the processing of baseband signals consisting of in-phase and quadrature components.
In the following section, "Time-modulation scanning", we present a review of the time modulation method of continuous scanning. In the section "The experimental system", we describe details of the digital baseband processor. In "Experimental results and dis cussions" we present some experimental results obtained with an 8x8 Mills' cross phased-array antenna, and compare them with theory.
Time-modulation scanning
The aperture illumination of an array antenna affects the spatial distribution of the radiated or received energy. In the time-modulation method of scanning an array, developed by Shanks, 8 the aperture illumination is modulated in a periodic manner by multiplexing the received element signals of the array so as to produce a frequencymultiplexed beam signal. Specifically, each element of a linear array consisting of N elements is progressively switched on for a time T/N and then switched off for the remainder of the period, where T is the period of the periodic aperture illumination. In the implementation described by Shanks RF switches were used, whereas in the processor described in this paper the switching operations are performed at baseband using digital hardware.
The block diagram of an array signal-processing receiver employ ing time-modulation scanning is shown in Figure 1 . The band-pass signal, centered at the transmitted radio frequency, which is received by each element of the array antenna, is first of all converted into its equivalent baseband (low-pass) form. This is achieved by applying the received signal (on an element by element basis) simultaneously to a pair of multipliers. One multiplier is supplied with a local oscillator signal (which is synchronous with the RF source in the transmitter) and the other multiplier with the same oscillator signal except for a 90° phase-shift. The resulting multiplier outputs are then low-pass filtered, thereby yielding the in-phase (I) and quadrature (Q) compo nents of the received signal, which provide a complex-valued rep resentation of the signal. The set of operations whereby the received signal at each element of the array antenna is defined in terms of its Iand Q-components is represented in block diagramatic form by the I-Q generators in Figure 1 Consider a linear array consisting of N identical elements, assumed to have no mutual coupling between them. Let f(t) denote the complex envelope of the transmitted signal. For a discussion of the complex representation of arbitrarily defined band-pass signals, see reference. 9 The complex envelope of the received signal at the pth element of the array, produced in response to a transmitted radar pulse, is given by (in the absence of noise):
where b = a complex-valued random variable which includes the combined effects of target cross-section and propagationloss fluctuations
The quantity x in eq. (1) is related to the angle of target arrival 0 (measured w^th respect to the normal to the line array) by
A.
where k -the transmitted wavelength, and d = element-to-element spacing of the array.
For a prescribed value of 0, the quantity x represents the phase-angle difference (in radians) measured between the signals received by any two adjacent elements of the array, assuming plane waves. Figure 2 shows the signal-flow graph for the complete array pro cessing system. The signal fp(t) at the pth element is multiplied by the corresponding function ap<^p(t) derived from a generator that pro duces a set of periodic trains of rectangular pulses that are orthogonal to each other. The coefficient ap represents the amplitude weighting applied to the pth element; its value is determined by the choice of a particular radiation pattern for the array. By summing the contribu tions of all the elements of the array obtained in this manner, we get e(t) = bf(t) s(t,x) where s(t,x) = ]?ap<£p(t) exp(jpx)
The signal s(t,x) of eqn. (4) is referred to as the beam-sampling signal for the following reason.
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Suppose that it is required to steer the array in a look direction specified by the look angle 0 or corre-
spondingly the phase-angle difference x. From eq. (3) we see that this can be achieved by cross-correlating the summer output e(t) with a beam-sampling signal s(t,x). The result of this cross-correlation is defined by the variable
£ = j\t) s*(t,x) dt = Pbf(t)s(t,x) s*(t,x) dt
where T is the period of the periodic function <£p(t), which is chosen equal to the transmitted pulse duration. In the case of a radar pulse with constant frequency fc and constant amplitude k, we have
0, otherwise
We may therefore rewrite eq. (5) as
Assuming that the set of orthogonal functions {</>p(t)} are normalized, we have
Hence, we may simplify eq. (7) as follows
Suppose that the summer output e(t) is cross-correlated with the beam sampling signal s(t, x0) for a specified value of x0 and that we are now interested in evaluating the response of the array viewed along a variable direction corresponding to x that is different from x". In this case, we find that the cross-correlator output is a function of the deviation in the value of x from x0, namely, Ax = x -x( 2?rd (sin0 -sin0o) (10) as shown by
When Ax is zero, this output assumes the value defined in eq. (9) . Consider, for example, the case of a uniformly weighted array for which a p = 1 for all p. Here we find from eq. (11) that the correspond ing value of cross-correlator output is
which has the same form as the array pattern of a conventional uniformly weighted array antenna that uses phase shifters to achieve the required scanning 7 We conclude therefore that by correlating the summer output e(t) with an appropriate set of beam-sampling signals {s(t,x)} corresponding to prescribed look directions (i.e., prescribed values of the quantity x), we are able to scan the array into prescribed positions inside the visible region of interest.
It should be noted, however, that if the transmitted radar pulse involves a form of amplitude or frequency modulation or both, with the result that we can no longer assume the validity of eq. (6), then it becomes necessary to cross-correlate each elemental output of the array with a stored replica of the transmitted radar signal. This operation has to be performed before multiplication with the pertinent component derived from the orthogonal function-generator.
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The experimental system
In this section we will first describe the Mills' cross array antenna used in the experimental system, and then a digital version of the baseband signal processor used to achieve the desired timemodulation scanning of the array.
Description of the array
The Mills, cross array antenna, as previously mentioned, consists of two linear arrays placed at right angles to each other. The experi mental configuration used consists of an 8 x 8-element array, with the two arms of the array crossed at their centres. The array is designed to operate at X-band, so that an array of manageable physical size can be constructed. Each element of the array consists of an open-ended waveguide horn that is fed by a matched coaxial cable. The horns are spaced 10 cm apart, resulting in a half-power beamwidth of 2.30°. The scanning is limited to 10° on each side of the normal to the array so as to avoid the appearance of grating lobes (which are 21.4° apart).
Measurements on the array were carried out in an anechoic chamber with a quiet zone of 8 x 3 x 2 meters. In order to realize, with these dimensions, a plane wavefront at the aperture of the receiving array, the structure was physically bent into a spherical surface having a radius of curvature equal to 2A 2 /A., where A is the aperture of the array and \ is the received wavelength. This follows the special focussing procedure described by Bickmore. 13 With A = 80 cm and \ = 3.65 cm, the ends of each arm of the array were thus deflected by 1 cm from their normal positions.
Description of the baseband processor
The RF signal received by each element of the array antenna is heterodyned to its baseband form (expressed in terms of in-phase and quadrature components) by using the configuration shown in Figure 3 for one arm of the array. This same heterodyning configuration is reproduced for the other arm of the array. This conversion into baseband form is required in order to make the implementation of the processor using digital hardware possible. Specifically, the signal received by each element is applied, through a two-way power di vider, to a pair of mixers which are supplied with two sinusoidal waves in quadrature with each other. The 90° phase-shift required for this mixing process is obtained by means of a line stretcher, as indicated in Figure 3 .
The mixer outputs are next applied to a baseband processor which uses within-pulse scanning in order to avoid the loss of received power, and also to provide a high data rate capability. 7 Scanning over the sector of interest is achieved by sweeping the individual fan beams, produced by the two arms of the array, at different speeds so that the pencil beam at their intersection point moves across the sector in a raster-like fashion. Denoting the number of raster lines by M and the duration of the transmitted radar pulse by T, one arm of the array is scanned at a rate equal to 1/T and the other is scanned at a faster rate equal to M/T. Thus, the desired aperture excitation is achieved by progressively switching on each element of the slow arm of the array for a duration equal to T/N seconds and then switching it off for the rest of the period, whereas each element of the fast arm is progres sively switched on for a duration equal to T/MN seconds in a syn chronous manner with the slow arm. The N denotes the number of elements in each arm of the array. A block diagram of the baseband processor is shown in Figure 4 . This processor is implemented using digital hardware, for which time-modulation scanning 8 is rather well-suited. The switching operations on the mixer outputs are performed by means of four multiplexer switches, with one pair operating on the in-phase and quadrature components of the baseband signal derived from one arm of the array, and the other pair operating on the in-phase and quadra ture components of the baseband signal derived from the second arm of the array. The time-multiplexed signals obtained from the multi plexer switches are low-pass filtered, amplified, and then applied to a corresponding set of analog-to-digital (A/D) converters. The required data in digital form is now available for further processing.
Suppose that it is required to steer the array in a look direction specified by the angle 6 U measured with respect to the normal to the slow arm, and the angle 0 2 , measured with respect to the normal to the fast arm. To achieve this, the time-multiplexed signals obtained from the two arms of the array, after analog-to-digital (A/D) conversion, are respectively correlated with the beam-sampling signals s(t,Xj) and s(t,x 2 ) which, for pre-selected values of Xj and x 2 , are sotred in the form of a look-up table in a programmable read-only memory (PROM). The variables x x and x 2 correspond to the angles d x and 0 2 , respectively, according to eq. (2). The resulting complex-valued out puts of these two correlators are properly scaled and then multiplied together to produce a complex signal representation of the prescribed pencil beam.
Experimental results and discussion
The Mills' cross array antenna constructed has a visible region that is defined by ±10° in both horizontal and vertical directions of scanning, with respect to the boresight of the array, as illustrated in Figure 5 . The parameters of the experimental system were as follows:
Number of radiating elements (in each arm) = N = 8 Number of raster lines = M = 5 Duration of the transmitted pulse = T = 500 /xs The number of raster lines is determined by the beamwidth and the angle of the visible region. The response patterns of this experimental array (used as a receiver) are measured as follows. The array is mounted on an antenna positioner located at one end of an anechoic chamber, with a trans mitting horn located in a fixed position at the other end of the chamber. The antenna positioner is rotated into different positions so as to provide different look directions for the array. The antenna patterns are thus measured at six different angular positions for one quadrant of the scanning sector. Because of symmetry of the system, similar results would be obtained for the other three quadrants of the scanning sector.
In Figure 6 we have plotted the measured antenna pattern for a look direction that is defined by d x = 5° and 0 2 = 10°, for the case of a uniformly weighted array. This form of weighting produces a halfpower beamwidth equal to 0.88 X/A cos 0, where X is the wavelength, A is the aperture length, and 0 is the angle of the look direction measured with respect to the normal to the array geometry. 12 The highest sidelobe level is 13.5 dB below that of the main lobe. By virtue of the fact that the two arms of the array are at right angles, we find that the half-power beamwidth and highest sidelobe level for a Mills' cross array have the same values as the corresponding ones for either arm. In Table I , we have summarized the values for the halfpower beamwidth (in degrees) and the highest sidelobe level (in dB) for six different look directions, based on theory and measured re sults .
As is well known, the high sidelobe level of a uniformly weighted array can be reduced, at the expense of increased half-power beamwidth, by applying some form of nonuniform weighting to the indi vidual elements of the array. 12 For example, by exciting the elements of the array so that their amplitudes are proportional to the coefficients of a binomial series, then the sidelobes are completely eliminated, and with an increasing number of radiating elements, the array pattern approaches a Gaussian form. However, for a given number of radiat ing elements, we may find that the resulting beamwidth is too exces sive for practical useage. Another type of aperture weighting is the so-called cosine-on-a-pedestal distribution. However, the best com promise between sidelobe level and beamwidth is achieved by using the Dolph-Chebyshev distribution. This distribution was proposed by Dolph for the case of broadside arrays, based on the optimum proper ties of Chebyshev polynomials.
14 Specifically, the elements of the array are weighted according to the Chebyshev polynomial as follows: 15 2 T / i7T\ i7r(2n+lf|
where a n is the Chebyshev coefficient for the nth element, N is the total number of elements, R is the main lobe-to-sidelobe ratio, and 
These results were derived by Stegun 15 by equating the array space factor to a Fourier Series. Figure 7 shows the measured three-dimensional plot of the antenna radiation pattern for the case of an array using the Dolph-Chebyshev distribution for the look direction: 0j = 5° and 0 2 = 10°. In Table II we have summarized the values of highest sidelobe level and half-power beamwidth for six different look directions, based on theory and measured results. Note that in both Figures 6 and 7 , the main lobe has its peak value normalized to OdB. Also, the sidelobe level in any region of interest is obtained by constructing a plane parallel to the Q x 0 2 -plane of the figure and through the peak point of the sidelobe level in question; the intersection of this plane with the vertical axis yields the required sidelobe level in dB.
Comparing the theoretical and experimental results summarized in Tables I and II, we observe that there is close agreement between them, certainly with regard to the half-power beamwidth. However, the measured values of highest sidelobe level are somewhat higher than the corresponding values deduced from theory. This discrepancy arises because of several factors which have been ignored in the results computed from theory:
(1) The theoretical results are computed assuming an ideal array with isotropic radiators as elements. On the other hand, the horns used in the practical system have elemental patterns of their own. (2) The theoretical results ignore the effect of mutual coupling be tween adjacent elements of the array. (3) The digital baseband processor uses a finite word length (namely, 16 bits), which introduces quantization errors.
Nevertheless, the experimental results do demonstrate the practical feasibility of using baseband processing with digital hardware to achieve the scanning of a Mills' cross array along prescribed direc tions in a visible region of interest.
Conclusions
The objective of the experiments reported in this paper was to demonstrate the practical feasibility of scanning a Mills' cross array antenna along prescribed look directions by means of baseband pro cessing with digital hardware, which enables the realization of a high degree of system flexibility. The experimental results presented in the final section confirm that such a possibility is indeed practical, show ing reasonably close agreement with theory. To the authors' best knowledge, this is the first time that the construction of this form of a baseband processor for antenna scanning has been reported. Also, it should be mentioned that in a radar application, the dura tion of the transmitted pulse is typically much shorter, and the number of array elements is typically much larger, than the corresponding values used in the experimental study reported in the last section. Nevertheless, with presently available digital devices, there should be no difficulty in constructing a Mills' cross array antenna with 50 x 50 elements (say) to operate with a transmitted radar pulse of 1 fis duration.
